The present study provides a detailed description of somatostatin (SOM) distribution and the colocalization pattern of SOM, neuropeptide Y (NPY) and nitric oxide synthase (NOS) in the dorsal striatum (caudate-putamen complex) of the guinea pig. Within the dorsal striatum, SOM is found in a population of medium-sized aspiny interneurons. We found that 97% of all SOM-IR neurons expressed NPY simultaneously, while 98% of all NPY-ergic perikarya was simultaneously SOM-IR. On the other hand, while 98% of all SOM-IR cells were simultaneously NOS-IR, only 91% of all NOS-containing neurons exhibited SOM-immunoreactivity. Irrespective of their chemical coding, both types of SOM-IR neurons were scattered throughout the dorsal striatum, sometimes in the form of small, loosely arranged clusters of 2-4 cells. While SOM-IR and NPY-IR nerve fibers were present in all of the studied regions, they were more numerous in the ventro-medial part of the studied structure, with the exception of its caudal portion, where SOM-IR and NPY-IR fibers additionally formed a dense network in the part corresponding to the caudate nucleus. A low expression of staining for NOS-IR fibers was seen throughout the entire dorsal striatum. In some fibers, SOM and NPY were co-expressed. Fibers expressing both SOM and NOS were not found.
Introduction
Somatostatin (SOM) is a cyclic tetradecapeptide that is isolated from the ovine hypothalamus [1] . SOM--positive nerve cell bodies and fibers are distributed widely throughout the central nervous system [2, 3] . Within the dorsal striatum (the caudate-putamen complex), SOM is found in a population of medium--sized aspiny interneurons [3] . SOM-immunoreactive neurons are involved in the feedforward inhibition of the spiny projection neurons, the modulation of other interneurons and the regulation of regional blood flow [4] . This population of neurons plays an important role in the processing of information in the dorsal striatum [4] .
The dorsal striatum contains at least four major types of interneurons [5] : those co-containing GABA (gamma aminobutyric acid) and calretinin; those co--containing GABA and parvalbumin; those co-containing GABA and SOM, neuropeptide Y (NPY), and neuronal nitric oxide synthase (nNOS); and those containing acetylcholine (ACh) [6] [7] [8] [9] [10] www.fhc.viamedica.pl (enzyme nicotinamide adenine dinucleotide phosphate diaphorase) makes up about 1% of all striatal neurons [11] .
The morphology and chemical coding of SOM-IR neurons in the dorsal striatum has mostly been studied in rats [2, 3, [12] [13] [14] [15] . A smaller amount of data has come from cats [16] , hedgehogs and sheep [17] , monkeys [18, 19] and humans [20, 21] . There has been only one short report concerning the morphology and chemical coding of SOM-IR neurons in the dorsal striatum of guinea pigs [22] . Vincent et al. [22] did not carry out any quantitative studies of the dorsal striatum in this animal.
The aim of our study was to describe the distribution and co-localization pattern of SOM and NPY or NOS in the dorsal striatum of this species.
SOM is a multifunctional peptide involved in several neurodegenerative diseases [23] . We have chosen only this pattern of co-localization because the neurons that contain SOM, NPY and NOS are relatively resistant to destruction in Huntington's disease (HD) and to destruction by quinolinic acid, at least under some conditions [24] [25] [26] [27] .
We hope that the results of this work may be useful in interpreting studies on the effects of neurodegenerative diseases, excitotoxins and other experimental manipulations on the survival of striatal neurons containing SS, NPY and/or NOS. These studies are particularly valuable because the guinea pig is more and more frequently used as a model in neuroscience and medical research [28, 29] .
Material and methods
Animals and tissue specimen collection. Five sexually immature female guinea pigs (strain: Dunkin-Hartley, approximately 12 weeks old, obtained from the Research Institute of the Polish Mothers' Health Center in Lodz, Poland) were used in the present study. All experiments were carried out in accordance with the Local Ethical Committee rules. All efforts were made to minimize animal suffering and to use the minimum number of animals necessary to produce reliable statistical data. All animals were anesthetized with a lethal dose of sodium pentobarbital (Morbital, Biowet, Poland; 2 ml/kg b.w) and perfused intracardially with 4% paraformaldehyde. Next, the brains were removed from the skulls and postfixed for 30 minutes in the same fixative, washed twice in 0.1 M phosphate buffer and then cryoprotected in sucrose until they sank to the bottom of their container. Frozen brains were cut into 10 μm coronal plane sections on a cryostat.
Immunohistochemistry. The sections were processed for routine single-and double-labeling immunofluorescence studies using a rat polyclonal antibody against SOM (1:600; 8330-0009, Biogenesis, UK) that was combined with one of the following rabbit polyclonal antisera against: NPY (1:2,000; NA1233, Affinity, UK) and NOS (1:2,000, B220-1, Euro-Diagnostica, Sweden). To visualize the antigen-antisera binding sites, the sections were incubated (1 h, at room temperature) with a mixture of Cy3-conjugated donkey anti--rat (1:6,000; 712-165-153, Jackson ImmunoLabs, USA) and FITC-conjugated donkey anti-rabbit (1:600; 711-095-152, Jackson ImmunoLabs, USA). To prove the specificity of immunoreaction, the control sections underwent replacement, omission, and cross-reaction. All control immunostainings showed no immunoreactivity. The sections were coverslipped in buffered carboxyglycerol.
Data analysis. The sections were viewed under an Olympus BX51 microscope. The images were captured with Cell B software (Soft Images Systems GmbH, Germany). The proportions of SOM-IR neurons co-expressing (or not) NPY or NOS were presented as a percentage relative to the total number of neurons analyzed.
Cell counts of single-labeled and double-labeled neurons were made in the whole dorsal striatum and were pooled from five animals. At 200 × magnification, cell counts were made from the image of a 400 × 400 μm field displayed for merged (red/green) channels on the computer screen (double-labeled cells appear yellow). Images of the non-merged red and green channel were also displayed.
Results

Structure of the guinea pig dorsal striatum
In the guinea pig, the dorsal striatum takes the form of a caudate nucleus-putamen complex (CPu) (Figures 1A, D, G) . As in other mammalian species, the appearance of this complex depends on the general location of the fibers of the internal capsule (I). These fibers are found throughout the whole structure in the form of dispersed, oval structures ( Figure 1D ). At the level where the anterior commissure crosses the midline, the fibers are distinctly elongated in the dorso-ventral direction and the caudate nucleus slowly starts to separate from the complex. The two parts of the dorsal striatum separate fully where the ventral hippocampal commissure appears ( Figure 1G ). The caudate nucleus disappears earlier than the putamen.
The general cellular structure of the dorsal striatum in the guinea pig closely resembles its structure in the common shrew and water shrew [30] . In the present study, the dorsal striatum in the guinea pig was examined to determine the distribution and morphology of SOM-IR perikarya and fibers, and the colocalization of SOM with NPY and with NOS. All the antibodies that were used produced intensive immunohistochemical staining in the dorsal striatum and several other forebrain areas. The patterns of immunohistochemical staining and the frequency of the immunostained perikarya and fibers for each of the peptides were very similar in all the individuals studied.
1. SOM-immunoreactive cell bodies and fibers were present in the whole guinea pig dorsal striatum, but their number and density differed depending on the portion studied. Immunoreactivity was localized in the neuronal perikarya and processes (Figures 2A, C, E, 3A, C). The SOM-IR neurons were medium--sized and their cell bodies were multipolar (16-17 μm), rounded (10-14 μm), oval (16-17 μm), fusiform (18-22 μm), or triangular (16-20 μm) . Usually these neurons were dispersed, but some clusters of 2-4 SOM-immunoreactive neurons were found in all areas of the dorsal striatum (Figures 2A, E) .
In some sections from the anterior portion of the dorsal striatum, a high density of cell bodies was observed ventro-laterally and laterally. In other sections, a high density was observed ventro-laterally and ventrally ( Figures 1B, C) . In this portion, rounded and multipolar perikarya predominated. In the middle of the dorsal striatum, a high density of cells was observed mostly dorso-laterally and along the lateral ventricle, but also in the cell bridges connecting the two parts of the dorsal striatum ( Figures 1E, F) . In this part, rounded and fusiform perikarya predominated. In the caudal portion of the dorsal striatum, the perikarya were scattered throughout ( Figures 1H, I) ; here, oval and rounded perikarya predominated.
SOM-IR cells showed immunoreactivity either throughout the whole perikaryon or only in part of it. Each perikarya had an oval or elongated nucleus, and 2-5 immunoreactive dendrite-like processes arose from it. These processes extended straight from their perikaryon, and could frequently be traced up to about 100 μm. In the area corresponding to the putamen, a small population of weakly stained neurons was found. These neurons were mainly oval to round, and possessed a relatively thin rim of cytoplasm.
Varicose SOM-IR fibers formed a network in the dorsal striatum neuropile ( Figures 3A, C) . Although most of these fibers were thin, thick fibers were seen sporadically ( Figure 3A) . The fibers were dispersed in a specific pattern throughout the structure.
In general, the density of SOM-IR fibers was higher in ventromedial regions of the dorsal striatum (Table 2 ). In the anterior portion of the dorsal striatum, a large mass of fibers was observed ventro-medially, just above the nucleus accumbens. In the middle of the structure, a high density of SOM-IR fibers was observed dorso-medially to the globus pallidus, just above the bed nucleus of the stria terminalis, and in the ventro-medial part of the putamen. In the caudal portion of the dorsal striatum, there was a dense network of fibers, especially in the part corresponding to the tail of the caudate nucleus; in the putamen there were far fewer fibers (Table 2) . 2. Throughout the entire rostral-caudal extent of the dorsal striatum, NPY-IR cells were distributed in a pattern that resembled the pattern of SOM-IR cells ( Figures 1B, E, H) . The shapes and sizes of NPY-IR cell bodies resembled those of SOM-IR cells, except in the caudal portion of the dorsal striatum, where fusiform cell bodies predominated. NPY-IR cell bodies often contained large, oval nuclei ( Figure 2B ). The cell bodies clustered in groups of 2-4 cells, like SOM-IR cell bodies ( Figure 2F ).
The morphology of NPY-IR fibers was very similar to those of SOM-IR fibers; both thick and thin fibers were observed (Figures 3A-B) . NPY-IR fibers were significantly more numerous than SOM-IR fibers (Table 2 ). In the middle portion of the dorsal striatum, a high density of NPY-IR fibers was additionally observed along www.fhc.viamedica.pl the lateral ventricle, especially in the vicinity of the globus pallidus. In the caudal portion, in the part corresponding to the tail of the caudate nucleus, the distribution of NPY-IR fibers resembled that of SOM-IR fibers. A particularly dense network of NPY-IR fibers was also found in the part corresponding to the putamen.
NOS-IR structures were distributed similarly to SOM-IR and NPY-IR ones (Figures 1B, C, E, F, H, I, 2C-F).
The highest density of NOS-IR perikarya was found in the same parts of the dorsal striatum as SOM or NPY-IR cells, with one exception. NOS-immunoreactivity mainly concerned the lateral region of the dorsal striatum ( Figures  1C, F, I ). Especially in the caudal part of the structure, NOS-IR perikarya were observed in the dorso-lateral and ventro-lateral parts of the putamen. The morphology of NOS-IR perikarya was very characteristic, with large, distinct, oval and multiindented nuclei ( Figure 2F) .
Where there was a distinct border between the caudate nucleus and putamen, the rounded and fusiform NOS-IR cell bodies predominated, as in SOM-IR cells in that region. In the caudal portion of the dorsal striatum, multipolar NOS-IR neurons were present in the area that corresponds to the caudate nucleus, and rounded and fusiform neurons in the area that corresponds to the putamen.
There were also two types of NOS-IR fibers: thick and thin. The morphology of thin NOS-IR fibers was different from that of SOM-or NPY-IR fibers; these NOS-IR fibers had tiny, irregularly spaced varicosities, and they were even thinner than other fibers ( Figure 3D ). Thin NOS-IR fibers predominated. Thick NOS-IR fibers were only seen occasionally; they differed from SOM-IR and NPY-IR ones in that they were smooth ( Figure 3D ). On the analyzed sections, unlike SOM and NPY-fibers, the NOS-containing fibers did not show differences between the dorsal and ventral parts of sections (Table 2) . A low expression of staining for NOS-IR fibers was seen throughout the entire dorsal striatum ( Figure 3D) . 
Discussion
This is the first study to provide such a detailed description of the distribution and neurochemical characteristics of SOM-IR structures in the dorsal striatum of the guinea pig. The distribution of SOM-IR cell bodies and fibers in the guinea pig dorsal striatum is similar to that found in previous studies with rats [3, 12, 14, 31, 32] , hedgehogs and sheep [17] , cats, monkeys [19] and humans [21] . SOM-immunoreactive neurons and fibers are present throughout the dorsal striatum of the guinea pig.
In the guinea pig, labeled neurons usually appear singly in the dorsal striatum. Occasionally, they form clusters in the guinea pig (present results) as well as in the rat and the human [21, 31] . In this study, the average size of SOM-IR neurons in the dorsal striatum of the guinea pig was similar to their size in rats and cats [16, 31] .
The morphology of SOM-IR neurons indicate that most of them belong to the medium-sized aspiny interneurons [3, 14, 33] that correspond to the aspiny type I and III cells of DiFiglia et al. [34] and to the aspiny type III cells of Wasilewska et al. [35] .
In this study, the populations of well-stained and weakly stained SOM-IR neurons were found in the dorsal striatum. The population of weakly stained neurons was found in the area corresponding to the putamen. These neurons were mainly small, oval to rounded, and possessed a relatively thin rim of cytoplasm. This kind of SOM-positive neuron has been observed by Vincent et al. [22] and DiFiglia et al. [31] . In our study, the population of weakly stained SOM-IR neurons is much less numerous than that of Vincent et al. [22] ; most of the cells we observed show NPY--immunoreactivity.
In our study, a high density of SOM-positive perikarya was observed just above the nucleus accumbens. The region of nucleus accumbens may receive SOM-NPY afferents and SOM and NPY may play a role in the modulation of motor activity [36] . The second place in which numerous perikarya were seen was just above the bed nucleus of the stria terminalis, near the globus pallidus. In the rat, the striatal afferent neurons that contain SOM may originate in the area of the globus pallidus [37] . The medium-sized, spiny interneurons that contain SOM/NPY contact the medium-sized spiny neurons through symmetrical synapses and non-synaptic junctions [38] .
In the guinea pig, there were mostly thin SOM-IR fibers and some thick SOM-IR fibers. In the squirrel monkey, a moderately dense and highly heterogeneous network of SOM-positive fibers was observed throughout the dorsal striatum [18] . In the rat, very small diameter unmyelinated SOM-positive fibers were also seen coursing throughout the caudate neuropile [31] . They formed swellings and made synapses en passant [31] . In the guinea pig, the density of SOM-IR and NPY-IR fibers is higher in ventromedial regions of the dorsal striatum. A similar pattern of fiber distribution was described by Kowall et al. in humans [21] and by Vuillet et al. in rats [39] . In the guinea pig, a high density of fibers containing SOM and NPY was also seen in the part corresponding to the tail of the caudate nucleus. In humans, increased concentrations of SOM and NPY were observed in the tail of the caudate and the posterior putamen by Beal et al [36] .
The present study shows that most SOM-IR neurons in the dorsal striatum of the guinea pig also contain NPY-IR and NOS-IR. Nearly 100% of SOM-IR neurons in the dorsal striatum contain NPY and NOS, and nearly 100% of NPY neurons contain SOM. However, only 90% of NOS-IR neurons contain SOM. In other species, the extent of co-localization appears to be in dispute. In monkeys, extensive but incomplete co-localization of SOM and NPY has been reported [19] . All striatal SOM-IR neurons (99%) were observed to contain NPY, but only about 85% of striatal NPY-IR neurons were found to contain SOM [19] . In the dorsal striatum of the rat, Rushlow et al. [14] reported that the population of SOM-pos- [9] reported that 22% of neurons that contain SOM do not contain NPY in the dorsal striatum of the rat.
In the dorsal striatum of the rat, all SOM-immunoreactive cells showed NOS-immunoreactivity and all NOS cells showed SOM-immunoreactivity [40] . In humans, SOM-immunoreactivity and nicotinamide adenine dinucleotide phosphate diaphorase (nitric oxide synthase) activity were completely co-localized [41] . In this study, nearly 10% of NOS-IR neurons did not contain SOM. Incomplete SOM/NOS co-localization was reported by Figueredo-Cardenas et al. [9] in the rat.
The differences between the results of different authors probably reflect the sensitivity of the antiserum used. In the present study, we used antisera selective for SOM 14 to detect SOM-IR neurons, which is only detectable in a subpopulation of the striatal neurons synthesizing prosomatostatin [14] .
SOM may have several roles in the dorsal striatum which are related to both afferent and intrinsic systems [31] . SOM-containing afferents to the striatum may originate from limbic system nuclei, which project in a similar distribution [42] . The corticostriatal pathway influences the expression of SOM at a translational, a processing, or a metabolic level in a topographically restricted population of striatal SOM-containing neurons [32] .
The peptide SOM can modulate the functional output of the basal ganglia [43, 44] . In the striatum, SOM is produced by intrinsic interneurons, the axons and dendrites of which are selectively concentrated in the major striatal compartment, the matrix [5] . The axons of SOM-positive cells in the striatum may extend up to 1 mm from the cell body, which allows these cells to influence other neurotransmissions and the flow of blood in a larger space than the other striatal interneurons do [3, 5, 39, 45] . It is possible that some of the SOM neurons may have axons projecting to the globus pallidus [31] .
SOM/NOS-positive cells receive direct cortical impulses [45] , and cholinergic [39] and dopaminergic innervation [45] . NOS-positive cells are likely to control the local flow of blood in the striatum in response to cortical and pallidal impulses [46] . SOM acts presynaptically to regulate GABA release from the terminals interconnecting mediumsized spiny projection neurons. Because SOM is released by a class of local interneuron, it has been concluded that this neuron helps to regulate the selection of motor acts [47] .
The activity of striatal cholinergic neurotransmission is modulated by SOM [48] . SOM inhibits the release of ACh in slices of rat caudate nucleus, and this release is mediated by dopaminergic mechanisms [49, 50] . SOM-IR neurons contain NPY [9] , they receive direct glutamatergic cortical inputs [45] and they could influence other neurotransmitters such as dopamine (DA) [51, 52] and serotonin [53] .
In the dorsal striatum, the neuropeptide SOM stimulates dopamine levels both in vitro [52] and in vivo [54] . In vivo, the SOM-stimulated release of DA is mediated by a glutamate-dependent action [55] . In patients with Huntington's disease, SOM is markedly elevated in the dorsal striatum [56, 57] ; in patients with schizophrenia, SOM is attenuated in the cerebral cortex and the cerebrospinal fluid [58, 59] . In the striatum, SOM has been found to increase the in vivo release of DA [55] and ACh [48] . SOM is able to release in vivo both ACh and DA, but the stimulation of ACh release by ACh release-stimulating effect of SOM is masked unless the tonic inhibitory action of endogenous DA is attenuated. Thus, in schizophrenia, where the dopaminergic hyperactivity is obvious, SOM may be involved in producing cholinergic balance [60] .
SOM is a multifunctional peptide involved in several neurodegenerative diseases [23] . Kumar [23] suggests that the presence of SOM in interneurons causes these neurons to resist excitotoxicity and also provides neuroprotection to the surrounding neurons once released in the presence of excitotoxins [23] . A subclass of medium-sized aspiny interneurons that co-localize SOM, NPY, and NADPH-d survive the neuro-degenerative process [61] [62] [63] .
Striatal SOM receptors (sst(1), sst(2) and sst(4)) are involved in locomotor activity [64] . The number of SOM receptors has been found to increase in patients suffering from Parkinson's disease [65, 66] .
In conclusion, this study has shown that the large population of SOM-IR neurons co-transmits with NPY or NOS. This may be useful in interpreting studies on the effects of neurodegenerative diseases, excitotoxins and other experimental manipulations on the survival of striatal neurons containing SS, NPY and/or NOS.
